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Executive Summary
This report describes operations at Connecticut Transit (CTTRANSIT) in Hartford for one prototype fuel cell bus and three new diesel buses operating from the same location. The report discusses the planned fuel cell bus demonstration and equipment used (bus and hydrogen fueling), and provides the early results and the agency's overall experience with the technology. The evaluation periods presented in this report are as follows.
• In this evaluation report, the fuel cell bus is considered to be prototype technology that is in the process of being commercialized. The analysis and comparison discussions regarding standard diesel buses help baseline the progress of the fuel cell bus technology. There is no intent to consider this implementation of fuel cell buses as commercial (or full revenue transit service). This evaluation focuses on documenting progress and opportunities for improving the vehicles, infrastructure, and procedures.
CTTRANSIT unveiled its new fuel cell bus in April 2007. This was not only a first for the agency, but was also the first fuel cell bus to be operated in New England. Prior to this, most fuel cell buses in the United States were used in demonstration projects in California. The design for CTTRANSIT's bus was leveraged from an earlier procurement of four fuel cell buses now in operation at AC Transit and SunLine in California. Testing the bus in Connecticut provides the project partners with the opportunity to understand how the system operates in a cold and hot, humid climate.
Facilities
CTTRANSIT was only required to make minor modifications to allow operation of the fuel cell bus in its maintenance facility. More significant facility modifications were not required as long as the fuel cell bus operated only on battery power and the hydrogen fuel was isolated (turned off) during operation within the building. In comparison to earlier fuel cell bus projects, the cost for these modifications was low. The bus is fueled at an existing hydrogen fueling station located within seven miles of the facility, at UTC Power. The site required only a few modifications to enable bus fueling. The hydrogen is produced at Niagara Falls as part of a chemical process using hydropower, is cleaned and liquefied, and then is trucked to Hartford. So far, the fuel cell bus was filled a total of 109 times with 2,486 kg of hydrogen during the evaluation period.
Training and Public Awareness
To date, CTTRANSIT's experiences with integrating a fuel cell bus into its operation have been exceptionally easy. CTTRANSIT and its project partners organized a comprehensive training program to provide hydrogen familiarization and detailed maintenance and operations for the fuel cell bus to the appropriate staff. CTTRANSIT also has experienced a high level of interest in the fuel cell bus demonstration from the local community and the larger New England region. The fuel cell bus operates on a free downtown circulator/shuttle (Star) route that makes providing rides to visitors extremely simple. The bus also operates in normal revenue service on other CTTRANSIT local routes on the weekends.
v
Evaluation Results
Based on the reactions of bus operators and of the general riding public, experience in operating the fuel cell bus has been positive regarding the bus and the concept of using hydrogen and fuelcell propulsion. Some specific problems and limitations reported have included initial quality assurance of the bus manufacturing/integration, traction batteries, heating and air conditioning, operating in slippery conditions, maximum bus operating speed, and degradation of the fuel cell power system. Details of these issues are provided in the Implementation and Experience to Date section. Table ES -1 provides a summary of results for several of the categories of data presented in this report. During the evaluation period the fuel cell bus accumulated 12,115 miles, and the fuel cell systems accumulated 2,049 hours. These numbers indicate an overall average operating speed of 5.9 mph, which is significantly less than the average service at CTTRANSIT (12 mph) and the Star route (10 mph). Note that the maintenance costs are high for the fuel cell bus because of the amount of participation by the CTTRANSIT mechanics in fuel cell and hybrid propulsion maintenance. These costs were not charged back to the manufacturers as warranty. 
Introduction
This report provides preliminary results from a National Renewable Energy Laboratory (NREL) evaluation of a prototype fuel cell transit bus operating at Connecticut Transit (CTTRANSIT) in Hartford. Descriptions in this report include the planned fuel cell bus demonstration and equipment used (bus and hydrogen fueling), and it provides the early results and the agency's overall experience with the technology for an evaluation period of April 2007 through June 2008.
NREL Evaluations
This evaluation of the CTTRANSIT prototype fuel cell bus is funded through the Department of Energy's (DOE) Hydrogen, Fuel Cells & Infrastructure Technologies (HFCIT) Program. The HFCIT Program at DOE 1 works with partners to address the technical challenges and accelerate the development and successful market introduction of hydrogen technologies. Technology validation is one of the key elements of this program.
2 NREL is one of DOE's national laboratories in support of this activity, and evaluates hydrogen and fuel cell vehicles in parallel with hydrogen infrastructure to determine the current status of the technology and assess the progress toward technology readiness.
NREL is also working with the Federal Transit Administration (FTA)-an agency of the Department of Transportation-to evaluate fuel cell buses in transit applications. This work directly supports FTA's National Fuel Cell Bus Program (NFCBP). In addition to the current fuel cell bus operation described in this report, CTTRANSIT is also involved in two of the eight NFCBP demonstration projects. Table 1 provides an overview of the current and planned NREL evaluations for both DOE and FTA.
Using an established protocol for data collection and analysis, NREL provides comprehensive, unbiased results on the implementation, operation, and costs of fuel cell buses in comparison to those of conventional-technology buses operating in the same or similar service. The objectives of the data collection are to validate fuel cell and hydrogen technologies in bus applications to:
• Determine the status of fuel cell systems for buses and corresponding hydrogen infrastructure; • Provide feedback for DOE and FTA research and development; and
• Provide "lessons learned" on implementing next-generation fuel cell systems into bus operations. CTTRANSIT Profile CTTRANSIT 4 is owned by the Connecticut Department of Transportation (ConnDOT) and provides fixed-route transportation services to three major metropolitan areas in the state: Hartford, New Haven, and Stamford. In 2007, the agency transported nearly 27 million passengers. The Hartford Division is the largest of the three areas, operating a total of 237 buses over 30 local routes and 12 express routes in and around the capital area. The Division service area covers 469 square miles and serves a population of more than 851,000. Figure 1 shows the service area for this Division.
CTTRANSIT has been investigating new technologies and fuels for its fleet that are more efficient and produce fewer emissions. In November 2006, the agency switched to ultra lowsulfur diesel fuel with 5% biodiesel in its bus fleet to reduce both emissions and petroleum consumption. All new buses procured by the agency are equipped with diesel particulate filters (DPF). To further reduce fleet emissions, CTTRANSIT has a retrofit program in progress to install DPFs on most of its existing bus fleet.
CTTRANSIT also conducted a pilot program to evaluate the benefits of hybrid technology for potential future purchases. For this project, the agency procured two New Flyer 40-foot buses (model year 2003) with Allison diesel hybrid propulsion systems. The agency operated these two buses alongside two standard diesel buses for 18 months. Comparisons were made to evaluate emissions, fuel efficiency, reliability, and cost. The results of the project were reported in October 2005 5 . This not only was a first for the agency, but also was the first fuel cell bus to be operated in New England. Prior to this demonstration, most fuel cell buses in the United States were used in demonstration projects in California. CTTRANSIT's bus design was leveraged from an earlier procurement of four fuel cell buses now in operation at AC Transit and SunLine in California. Testing the bus in Connecticut provides the project partners the opportunity to understand how the system operates in a cold and hot/ humid climate. Table 2 lists the partners involved in the project, and their respective roles. One of the most significant reasons for its selection has been CTTRANSIT's close proximity to the location of the fuel cell manufacturer, UTC Power. This proximity enabled easy and fast access to the bus as needed. UTC Power has further enriched its fuel cell bus development program by periodically collecting additional diagnostic data and evaluating possible design enhancements on the CTTRANSIT bus while at UTC Power facility. This approach is more cost effective and resulted in far fewer service disruptions than if the fuel cell power units from distant sites were sent back to the UTC Power facility for the same work. The only other option would be to complete all needed testing in the field-which is difficult, based on the complexity of fuel cell power systems and components integrated into the buses. Roadmap. 8 The plan includes recommendations to increase the number of fuel cell buses in operation in the state. CTTRANSIT expects to participate in the activities from this plan.
Site Evaluation Plan
The evaluation presented in this report includes one prototype fuel cell-powered 40-foot transit bus (Figure 2 ) operating at CTTRANSIT's Hartford Division. Three diesel buses (see Figure 3) were selected from CTTRANSIT's newest order of 65 New Flyer diesel buses operating at the same depot. Data have been collected in parallel to the prototype bus for the evaluation period, April 2007 through June 2008.
Data for this evaluation were taken from CTTRANSIT's data system. Data parameters include:
• Diesel fuel consumption by vehicle and fill;
• Hydrogen fuel consumption by vehicle and fill;
• Mileage data from every vehicle in the study;
• Route assignments for the fuel cell bus;
• Preventive maintenance action work orders, parts lists, labor records, and related documents; and • Records of unscheduled maintenance, including roadcalls and warranty actions performed by vendors (when available in the data system).
Additional information has been collected on the maintenance/operation experience, issues at the hydrogen fueling station and at CTTRANSIT facilities, and lessons learned at the start of-and during-operation of the fuel cell bus. 
Implementation and Experience to Date
This section provides descriptions and details of the implementation of fuel cell bus operations at the CTTRANSIT Hartford Division, as well as the early experiences. The discussion begins with planned service for the fuel cell bus followed by descriptions of the buses, maintenance facility modifications, the hydrogen fueling station at UTC Power, and of training and public awareness activities.
Planned Demonstration Service
CTTRANSIT's fuel cell bus was first placed into transit service on the Star Shuttle route in downtown Hartford starting on April 11, 2007, the day following the official dedication of the new fuel cell bus. The Star route offers free service around downtown Hartford, connecting hotels with the convention center, restaurants, and many other landmarks. The route was designed to reduce traffic in the capital area by providing a convenient alternative to driving. The shuttle operates every weekday and on Saturday afternoons. Figure 4 outlines the route and stops in the area. The Star route is 5.5 miles long and the average operating speed is 10 mph for a typical bus, depending on traffic conditions. This downtown route has been extremely conducive to having visitors ride the bus in service without disrupting CTTRANSIT staff and operations. Starting in January 2008, CTTRANSIT began operating the fuel cell bus each weekday on two eight-hour shifts of the Star route. The bus also began operation on Saturday for one shift on the Star route. Starting in March 2008, the bus was operated on routes E and F on Saturday and Sunday for up to 16 hours per day in addition to the 16-hour days on the Star route during the week. In the future, the plan is to also operate the bus on additional routes to test performance in a variety of transit-service conditions, such as on steep grades. Currently, the main focus is to use the fuel cell bus in service as much as possible.
Additional weekend service at CTTRANSIT caused some planning issues with off-hours fueling and availability of trained mechanics for potential weekend roadcalls of the fuel cell bus. To support this extended service of the fuel cell bus (up to 16 hours per day), enough time had to be planned to ensure that the bus could be driven to UTC Power to be fueled and brought back to the Division to be plugged into the battery charger station each night. The batteries require between 4 and 4.5 hours to fully charge. During bus operation the batteries are kept at a state of charge (SOC) from 50% to 60% to allow for significant energy regeneration from braking back into the batteries.
The diesel buses are not restricted to specific routes and generally are randomly dispatched seven days per week. This is reflected in the greater bus use (discussed below). Table 3 provides bus system descriptions for the fuel cell and diesel buses included in this evaluation. Three diesel buses from the most recent bus order were selected for baseline comparison data.
Fuel Cell and Diesel Buses
The fuel cell bus chassis is the same model and design as buses operating at AC Transit in Oakland, California (three buses), and SunLine Transit Agency in the Palm Springs, California, area (one bus). UTC Power purchased a bus as an option from the AC Transit order and then sold it to CTTRANSIT, which makes UTC Power the supplier of record for warranty instead of ISE Corporation, as is the case for the other four California buses. Table 4 provides a description of some of the electric propulsion systems for the fuel cell buses. Note that the diesel buses are not a hybrid configuration and do not have regenerative braking or energy storage for the drive system. Fuel Cell Bus Propulsion System Description -The prototype fuel cell bus in service at CTTRANSIT was designed by UTC Power, ISE Corporation, and Van Hool. The bus uses a fuel cell power system manufactured by UTC Power in a hybrid electric drive system designed by ISE.
The ISE hybrid system ( Figure 5 ) is a series configuration-the fuel cell power system is not mechanically coupled to the drive axle. The fuel cell power system and energy storage system work together to provide power to two electric drive motors, which are coupled to the driveline through a combining gearbox. This hybrid system also is capable of regenerative braking, which captures the energy typically expended during braking and uses it to recharge the energy storage system. Each component of the propulsion system is controlled through an ISE-developed software operating system.
The primary power source for the hybrid system is UTC Power's PureMotion 120 Fuel Cell Power System, which produces 120 kW from its proton exchange membrane (PEM) fuel cell stacks. UTC Power's fuel cells operate at near-ambient pressure, which eliminates the need for a compressor. This not only increases the efficiency of the system, but also results in quiet operation. The energy storage system consists of three ZEBRA (sodium/nickel chloride) batteries.
Figure 5. Hybrid propulsion system diagram
Bus Experience -CTTRANSIT has reported several issues with the fuel cell bus operation and availability. In general, operators and the riding public have had positive comments regarding the bus and the concept of using hydrogen and fuel cell propulsion. Some specific problems and issues reported have included quality assurance of the bus manufacturing, traction batteries, heating and air conditioning, operation in slippery conditions, maximum bus operating speed, and degradation of the fuel cell power system.
• Quality Assurance for the Bus -There were issues with quality control of the final manufacturing of the fuel cell bus. These issues included loose wiring and incorrect wiring such as that of cooling fans. This was reported as an issue because of hurried final manufacturing to deliver the bus in a short period and meet contractual and funding needs of CTTRANSIT. All issues identified are believed to have been resolved.
• Traction Battery Failures -The ZEBRA batteries have experienced significant issues in this application; three traction batteries on the bus are operated in parallel. A cell in a ZEBRA battery will typically fail during a short circuit. A battery with failed cells has reduced voltage, although it can still be operated. Because the batteries are operated with a direct parallel connection, when the number of failed cells within each of the batteries is too different among the three batteries, it causes an unbalancing of the SOC. This imbalance makes it difficult to keep the batteries in the recommended operating range. The present SOC balancing algorithm will temporarily disconnect a battery to keep the SOC balanced.
This situation may mislead over-volt errors in the propulsion system, causing a shutdown of the bus. The battery manufacturer (MES-DEA), UTC Power, and ISE have been working on the issue for some time. Because failed cells are related to a stress condition due to the battery usage, some progress has been made with controller software changes to improve battery operation by refining some operational limits. In the test period, an intermediate version of the software caused some additional failures of the battery controller electronics, and an updated version has been released. Other options for a balancing strategy are under discussion. More replacement batteries are kept in stock to increase the number of available better matched batteries and to reduce the amount of downtime of the fuel cell buses both at CTTRANSIT and in California. In the meantime, as general improvements, MES-DEA introduced modifications to the design and the manufacturing process to improve the reliability of ZEBRA batteries.
• Insufficient Heating -Operators of the fuel cell bus have reported an issue with the bus not providing enough heat during the winter. This has been an issue for all hybrid electric transit buses operated in cold weather, regardless of the powerplant (diesel engine or fuel cell). The issue is that the powerplant in a hybrid configuration does not develop enough waste heat (because of the high efficiency of the powerplant operation) to warm the passenger compartment in a timely manner. UTC Power and Van Hool continue to work on this issue.
• Air Conditioning Noise -Hybrid electric propulsion systems in transit buses tend to be extremely quiet compared to conventional buses. This has resulted in other "noises" within the bus becoming more noticeable. In the case of this fuel cell bus, the air conditioning fans were noticeably loud. UTC Power engineers set out to quiet the air conditioning by adding baffling and other fixes to the system. The air conditioning on the bus now is significantly quieter. In the next few months, UTC Power intends to implement several other changes in hopes of quieting the system further.
• Operating in Slippery Conditions -The electric propulsion system on the fuel cell bus has some issues with slipping in snowy or icy conditions. This has only caused a significant problem with operation of the bus a few times since the start of operations. ISE continues to study the issue and is considering a software change to the operation of the bus, but is not yet drawing any conclusions.
• Incorrect Drive Axle and Limited Maximum Speed -The one significant difference between the CTTRANSIT fuel cell bus and the California buses was the drive axle installed. The drive axle on the CTTRANSIT fuel cell bus has a maximum speed of 48 mph. This change originally was viewed by the fleet as a mistake to be corrected by installing the same drive axle as the California fuel cell buses, which has a maximum speed of 65 mph. Van Hool, however, recently (March 2008) decided to require that all of these fuel cell buses be controlled down to 48 mph (via software control for the California buses). Van Hool is concerned that the center of gravity of the bus is higher than that of a standard bus, because of the height of the fuel cell bus and the weight of the fuel tanks and other equipment on the top of the bus; combined, these issues might allow the bus to tip over when moving at a high speed. For CTTRANSIT, the fuel cell bus cannot be operated on many of the routes in the service area because of the need to travel on the freeway, which requires operation speed of at least 55 mph. The manufacturer team has been discussing the possibility of allowing the California buses to operate at up to 55 mph. CTTRANSIT has been considering available routes that the bus could be assigned, based on the inability to operate faster than 48 mph.
• Unanticipated Performance Loss for UTC Power Fuel Cell Power System -UTC Power monitors the performance of the fuel cell power system to analyze actual performance versus predicted performance. The cell stack assemblies (CSAs) showed power degradation early in the operation of this bus. When the power degradation of the CSAs falls below 90 kW to 95 kW of the original 120 kW, the system is considered to be at the end of its life and should be replaced. This early power degradation was reported with the California fuel cell buses as well, and UTC Power reports the problem as an issue of contamination within the CSAs causing the premature degradation beyond end of life (at about 800 hours of operation instead of the expected 4,000 hours or more). UTC Power used the CTTRANSIT fuel cell bus to study the early power degradation issues at its facility over several weeks, and has made some operations control changes. The CSAs on the CTTRANSIT fuel cell bus were replaced with a new version on January 15, 2008. UTC Power has reported that this early power degradation issue appears to have been resolved for the CTTRANSIT and California fuel cell buses.
• ISE Drive Motor Failure -The fuel cell bus had a problem during May and June 2008 that took some time to resolve. The problem started as an indication of an inverter failure. Ultimately, it was a drive motor failure. In addition, there was some confusion in providing replacement parts. The first replacement parts for both the inverter and then the drive motor were both incorrect and the correct part was delivered on the second try.
Facilities
CTTRANSIT manages the day-to-day operations for the Hartford Division buses from its facility located a few miles north of the downtown city center. The site includes offices for management and staff as well as maintenance bays, a bus wash, and indoor bus parking. To demonstrate the fuel cell bus, CTTRANSIT needed to address hydrogen fueling infrastructure and modifications to existing facilities for safe storage and maintenance of the bus. For past fuel cell bus projects, this has proved to be one of the most challenging aspects of the demonstration. CTTRANSIT's ease in accomplishing this portion of the project is a striking contrast to other transit agency experience.
CTTRANSIT Maintenance Facility Modifications -At the onset of the project, CTTRANSIT hired a consultant to investigate what modifications were necessary to enable a hydrogen vehicle to be operated, maintained, and parked in the existing bus facility. Recommendations from the consultant included an upgraded ventilation system, fuel sensors, and alarms. Total cost for the upgrades (including the consultant's fee) was $150,000. CTTRANSIT worked closely with local fire officials early in the process, and was not required to make extensive electrical or ventilation upgrades. This fuel cell bus design includes the ability to move the bus on electric power onlythe hydrogen and fuel cell system is temporarily disabled. Because of this, the upgrades required by local officials were simple and inexpensive, and the fuel cell bus must be operated in electriconly mode while inside the facility.
Maintenance specifically performed on the hydrogen or fuel cell system is handled at UTC Power facilities, and routine bus maintenance is conducted at the CTTRANSIT facility. The bus is brought into the shop with the hydrogen-fuel cell system locked out. For maintenance tasks that involve hot work (which could cause a spark), the bus is defueled prior to being brought into the building. The safe operating procedures for the bus are posted in the maintenance bay. Figure  6 shows the maintenance bay at the CTTRANSIT facility. CTTRANSIT currently has two senior-level technicians assigned to work on the fuel cell bus. In addition to all the standard bus maintenance, these technicians conduct much of the hybrid system repairs (including warranty work for ISE) and actively participate in fuel cell system work. The agency thought that hands-on experience with the new technology is very important and the staff was willing to do as much of the work as the manufacturers would allow. UTC Power has provided maintenance and repair of the fuel cell power system.
There is no on-site ISE staff, so most work on the hybrid system is performed by the CTTRANSIT technicians. The agency reports excellent and responsive support from both UTC Power and ISE (located in San Diego, CA). The biggest challenge has been troubleshooting issues from opposite sides of the country (and sometimes across the world).
Hydrogen Fueling Station -For CTTRANSIT, providing hydrogen for its first fuel cell bus was relatively easy. The agency is located about seven miles away from one of its primary demonstration partners, UTC Power, which already had a hydrogen supply available. The site required only a few upgrades to enable bus fueling: UTC Power installed a hydrogen storage buffer, a dispenser, and a grounding pad. The upgrades were accomplished and the station was ready for bus fueling by March 2007. The funding for the upgrade was provided through the FTA grant.
The UTC Power fueling station features liquid hydrogen storage, compression, and dispensing. Praxair delivers the hydrogen, which is produced in western New York as a by-product of a chemical process. Chemical companies use renewable hydropower from the NY Power Authority at Niagara Falls to operate electrolyzers that run a chloralkali process on naturally occurring brine in the area. The chloralkali process creates caustic soda and chlorine for use in other chemical processes, and also produces hydrogen gas. The hydrogen gas then is sent to Praxair's facility (located near Niagara Falls) where the gas is purified and turned into a liquid, utilizing renewable hydropower from Niagara Falls. Figure 7 shows the fueling facility and dispenser at UTC Power headquarters. Hydrogen Fueling Experience -When the fuel cell bus needs hydrogen, a CTTRANSIT staff member drives it to the UTC Power facility, which is about seven miles northeast of the bus depot. The station is located behind locked gates in a secure area of the UTC Power property. The bus driver calls ahead to ensure that trained staff are available to provide access to this secure area and to operate the station. At this point in the demonstration, only trained UTC Power employees fuel the bus.
Early in the project, the process for fueling the bus took approximately one hour. This mainly was due to procedures developed for safety, which included placing traffic cones to block other vehicle access, hook up, fuel dispensing, and sometimes also was due to station start-up time.
The time needed to drive the bus to and from the site required significant resources from the transit agency. As the project partners have become more comfortable with the fueling process, UTC Power has worked to streamline the procedures and reduce the overall time. Fueling times are now approximately 20 minutes. Figure 9 shows the distribution of hydrogen amounts per fill. The fuel cell bus was filled 109 times with a total of 2,486 kg of hydrogen during the evaluation period, and an average fill amount of 22.8 kg. Figure 10 shows the number of fueling events and average time per fill per month. As noted, the 60-minute average fueling time seen at the beginning of the evaluation period was reduced over time to an average of 22 minutes per fill. Overall during the evaluation period, the average fueling time was 36 minutes per fill. Note that the fueling time includes the time required to set up safety measures around the fueling station to keep other vehicles out of the area. Training and Public Awareness CTTRANSIT has invested in training activities to support the fuel cell bus demonstration, and in resources to participate in public-awareness events. Training activities included hydrogen safety, bus propulsion systems, and bus operation. Public awareness activities include hosting tours of facilities at CTTRANSIT and making the fuel cell bus available for tours and rides.
Training Activities -To date, CTTRANSIT's experiences with integrating a fuel cell bus into its operation have been exceptionally easy. Careful project planning, a forward-thinking agency and state, and proactive project partners all have contributed to the early success. The agency also has taken advantage of opportunities to learn from other early adopters of the technology, specifically AC Transit. Training for staff and local officials has been particularly important for the agency, and was initiated prior to arrival of the bus. CTTRANSIT and its project partners organized a comprehensive training program to provide hydrogen familiarization and detailed maintenance and operations information for the fuel cell bus to the appropriate staff.
• Hydrogen Safety Training-The ability to operate the fuel cell bus safely is extremely important to CTTRANSIT, therefore hydrogen familiarization and safety was the first training session conducted. The agency arranged for two experts from Schatz Energy Research Center and Humboldt State University to provide the training. Two sessions were held, one for agency staff and another for local firefighters and first responders. The sessions were videotaped to use in ongoing sessions at CTTRANSIT.
• Bus-Level Training-AC Transit staff provided training on the Van Hool bus to
CTTRANSIT's maintenance personnel. The eight-hour session was split into two sections: a classroom portion followed by hands-on training on the fuel cell bus. The classroom instruction included a general overview of the bus and its systems, and instruction on bus operation and maintenance.
• Hybrid-System Training-ISE provided detailed training on the hybrid system. This training was held in two phases, each of which lasted about eight hours. Phase I training began with a classroom portion which provided a general overview of the hybrid systems. Information provided in this training included an overview of hybrid vehicles, safety systems, vehicle operations, vehicle care and maintenance, and emergency procedures. As with the bus-level training, the hybrid-system classroom instruction was followed by a session on the bus. This hands-on training included location and identification of system components, problem diagnosis, and actual bus operation. Phase II training focused on advanced system analysis and preventative maintenance for the hybrid system. This twoday class provided extensive hands-on training for the maintenance technicians assigned to the fuel cell bus. Instruction included preventative maintenance procedures, an overview of the drive system and electronic controls, and battery change-out procedures.
• Fuel-Cell System Training-UTC Power provided training on the fuel-cell power system in two phases. Phase I included a general overview of the fuel-cell power system and safety; Phase II focused on detailed system descriptions and preventive maintenance.
• ZEBRA Battery Training-UTC Power and MES-DEA (the battery manufacturer) provided training on the ZEBRA batteries. This training included detailed operating instruction, troubleshooting, and component and whole-battery replacement procedures.
• Fuel Cell Bus Operator Training-The fuel cell bus has operated almost exclusively on CTTRANSIT's Star Shuttle route. Drivers for this high-profile route are hand-picked by the agency, because they act as ambassadors for the city and must be the best and most personable drivers. Because of these factors, the drivers also are considered the best for the FCB. In addition to the above-listed training classes, the fuel cell bus operators were taught start-up and shut-down procedures.
Public Awareness -CTTRANSIT has experienced a high level of interest in the fuel cell bus demonstration from the local community and the larger New England region. Concerns about air quality and reducing petroleum use in the area have resulted in an increasing awareness of hydrogen and fuel cell technologies as a potential to address these issues. The agency is the first in the area to actually operate a fuel cell bus, so there have been many requests for hands-on demonstrations. CTTRANSIT understands the need to educate local officials and the general public on this promising technology and has accommodated as many requests as possible. During the evaluation period for this report, the agency participated in 23 events to showcase the fuel cell bus, including hydrogen fueling demonstrations at the UTC Power hydrogen fueling station, shuttle service for conventions in downtown Hartford, and demonstrations at neighboring transit agencies and environmental themed conferences. One particular conference, the Green Build Conference held in Chicago, took the bus out of transit service for 14 days.
Evaluation Results
The In this evaluation, the fuel cell bus is considered to be prototype technology that is in the process of being commercialized. The analysis and comparisons with standard diesel buses help create a baseline for measuring the progress of the fuel cell bus technology. There is no intent to consider this implementation of fuel cell buses as commercial (or full revenue transit service). This evaluation focuses on documenting progress and opportunities for improving the vehicles, infrastructure, and procedures.
Bus Use and Availability
Bus use and availability are indicators of reliability. Lower bus usage could indicate downtime for maintenance or an intentional reduction of planned work for the buses. This section provides a summary of bus usage and availability for the two groups studied. Table 5 summarizes the average monthly mileage accumulation by the fuel cell bus and the diesel study group for the evaluation period. During this period, the fuel cell bus accumulated 12,115 miles, and the fuel cell systems accumulated 2,049 hours. These numbers indicate an overall average speed of 5.9 mph, which is significantly slower than the average CTTRANSIT speed of 12 mph and the 10-mph Star route average.
The diesel buses operated a monthly average of 3,248 miles each as compared to the fuel cell bus, which had a monthly average of 808 miles. This indicates that the fuel cell buses traveled only 25% of the miles that the diesel buses did during the same period. The fuel cell bus was limited to one 8-hour shift per weekday for most of the evaluation period. The diesel buses were used in typical service-up to 7 days per week and 16 to 20 hours per day.
Another measure of reliability is availability-the percent of days that a bus is actually available compared to the days the bus is planned for operation. Figure 11 shows monthly availability for the fuel cell bus during the evaluation period. As discussed in the section describing bus experience (above), most of the availability issues were due to problems with the traction batteries and the fuel cell CSAs. The most recently installed UTC Power CSAs in the fuel cell bus are a newer upgraded version of the power system. UTC Power expects this newer power system to be much more durable than the previous versions. Figure 12 shows the uses of the fuel cell bus when it was available for service during the evaluation period. This bus was used 82% of the time on route in service and 13% in support of event activities. Figure 13 shows the reasons that the bus was unavailable for service. The primary reasons for unavailability are for the UTC Power fuel cell system at 38%, problems with the ZEBRA/traction batteries at 32%, and the ISE hybrid propulsion system and fuel system responsibilities at 23%. 
On-Route
Fuel Economy and Cost
Hydrogen fuel is supplied by the UTC Power fueling station (discussed above). The hydrogen is dispensed at up to 5,000 psi for the fuel cell transit bus. During the evaluation period, UTC Power employees provided all fueling services, and fueling data was recorded by CTTRANSIT. Table 6 shows hydrogen and diesel fuel consumption and fuel economy for the study buses during the evaluation period. Overall, the fuel cell bus averaged 4.79 miles per kg of hydrogen, which equates to 5.41 miles per diesel gallon equivalent (DGE). The energy conversion from kg of hydrogen to DGE is provided at the end of Appendix A. As noted above, the buses are plugged in each night to recharge the batteries. The electric energy added to the fuel cell buses each night currently is not accounted for in the fuel economy calculation 10 . The diesel fuel consumption data for the evaluation period are available for September 2007 through June 2008. For this 10-month period, the 3 diesel baseline buses averaged 3.60 mpg, which indicates the fuel economy for the fuel cell bus is an overall 50% higher than that of the diesel buses. Note that the diesel buses operate at an average speed of approximately 12 mph and the fuel cell bus had a measured average speed of approximately 6 mph during the evaluation period. Figure 14 shows the average monthly fuel economy in both miles per kg and miles per DGE for the fuel cell bus, and in miles per gallon for the diesel buses. For reference, the chart also shows the average monthly high and low temperatures. The fuel cell bus fuel economy drops to its lowest point in November 2007, right before the fuel cell power system was replaced. Starting in January 2008, the fuel economy rose to an expected level.
The operating cost for the UTC Power hydrogen production and dispensing is currently unknown; however, the current cost of fuel charged by UTC Power is $4.18/kg. This amount does not include all of the costs of purchasing, transporting, and dispensing the fuel. During the evaluation period, CTTRANSIT spent 175 hours of mechanic time driving the fuel cell bus to and from UTC Power for fueling. This cost is not included in the price of fuel, but it would add another $0.72 per mile based on a $50-per-hour labor rate. Using the $4.16 per kg cost for hydrogen fuel indicates that the cost per mile for the fuel cell bus is $0.87, and adding the labor brings it to $1.59 per mile. The average diesel fuel cost per gallon during the evaluation period is $2.51. Although diesel prices increased tremendously during the evaluation period, CTTRANSIT locked into a fixed cost for 12 months, which included the evaluation period. The diesel fuel cost per mile was $0.70, or less than half of the fuel cell bus fueling cost per mile. 
Maintenance Analysis
The maintenance cost analysis presented here includes only the evaluation period (April 2007 through June 2008). Warranty costs are not included in the cost-per-mile calculations. All work orders for the study buses were collected and analyzed for this evaluation. For consistency, the maintenance labor rate was kept at a constant $50 per hour; this does not reflect an average rate for CTTRANSIT. This section first covers total maintenance costs, and then provides maintenance costs separated by bus system.
Total Maintenance Costs -Total maintenance costs include the price of parts and labor rates of $50 per hour; this total does not include warranty costs. Cost per mile is calculated as follows.
Cost per mile = ((labor hours * 50) + parts cost) / mileage Table 7 shows total maintenance costs for the fuel cell and diesel buses. Note that the fuel cell bus maintenance costs shown in the table are significantly greater because of the on-site warranty work done by the CTTRANSIT mechanics, and because these were not charged back as warranty claims. The mechanic labor costs for taking the fuel cell bus to and from fueling at UTC Power also are not included here. Maintenance issues for the fuel cell bus centered on problems with the traction batteries and the replacement of fuel cell system CSAs. Most of the repair costs were to support troubleshooting and repairs for the air conditioning, increasing heat in the winter, a specific cooling issue, battery changeouts, and support to UTC Power for changing the CSAs twice.
Maintenance issues for the diesel buses were mostly for one bus: 725. Bus 725 had specific costly repairs for an alternator change, brakes, and suspension. Other issues for the three buses were for the engine, a minor accident for bus 727, and video and camera equipment repairs.
The total maintenance costs-excluding warranty costs-are much less for the diesel buses. The per-bus results for the fuel cell buses compared to the diesel buses are as follows.
• Usage/Mileage: The fuel cell buses mileage is 63% lower than that of the diesel buses.
• Parts Costs: The fuel cell buses parts are 16% less than those for the diesel buses.
• Labor Hours: The fuel cell buses labor hours are 9 times higher than for the diesel buses.
• Cost per Mile (excluding warranty costs): The fuel cell buses costs are 17.6 times greater than those of diesel buses. Table 8 shows maintenance costs by vehicle system and bus study group (excluding warranty costs). The vehicle systems shown in the table include the following.
Maintenance Costs Broken Down by System -
• Cab, Body, and Accessories: Includes body, glass, and paint repairs following accidents; cab and sheet metal repairs on seats and doors; and accessory repairs such as hubodometers and radios.
• Propulsion-Related Systems: Includes repairs for exhaust, fuel, engine, electric motors, fuel cell modules, propulsion control, non-lighting electrical (charging, cranking, ignition), air intake, cooling, and transmission. The systems with the greatest percentage of maintenance costs for the fuel cell bus were propulsion related; HVAC; and cab, body, and accessories. Two of these systems also had the greatest maintenance costs for the diesel buses, with the exception of HVAC being replaced with PMI.
Propulsion-Related Maintenance Costs -Propulsion-related vehicle systems include the exhaust, fuel, engine, electric propulsion, air intake, cooling, non-lighting electrical, and transmission systems. Table 9 shows the propulsion-related system repairs by category for the two study groups during the evaluation period. The maintenance costs do not include the work done by the ISE and UTC Power personnel, which was covered under warranty. Roadcall Analysis A roadcall (RC) or revenue vehicle system failure (as named in the National Transit Database) is defined as a failure of an in-service bus that causes the bus to be replaced while it is on route, or one which causes a significant delay in schedule. If the problem with the bus can be repaired during a layover and the schedule is maintained, then this is not considered a RC. The analysis provided here includes only RCs that were caused by "chargeable" failures. Chargeable RCs include systems that can physically disable the bus from operating while it is on route, such as interlocks (doors, air system), engine, etc., or things that are deemed to be safety issues if operation of the bus continued. Chargeable RCs do not include roadcalls for things such as problems with radios or destination signs. Table 10 shows the RCs and miles between the roadcalls (MBRC) for each study bus, categorized by all RCs and propulsion-related-only RCs. The diesel buses have much better MBRC rates for both categories. This is indicative of the low usage and prototype status of the fuel cell bus. 
What's Next for CTTRANSIT
This initial evaluation report includes the first 15 months of operation of the fuel cell bus at CTTRANSIT. The next evaluation report will add at least six more months of operation, and most likely will be completed in early 2009. The most important aspect of the evaluation is tracking the progress and desire for CTTRANSIT to maximize the usage of the fuel cell bus and determine if the new version of the UTC Power fuel cell power system makes significant progress to the expected 4,000 hours of operation before it loses too much power. CTTRANSIT also has secured an FTA grant which will be used for several aspects of its fuel cell bus program including;
• Replacement of the fuel cell power system in the existing bus to extend operation and testing • Purchase of another Van Hool/UTC Power fuel cell bus for delivery in 2009
• Modifications to the agency's chassis dynamometer bay that will allow testing, storage, and maintenance of a fuel cell bus
As noted, CTTRANSIT also is involved with two of the eight evaluation projects in the FTA's NFCBP. Short descriptions of those two projects and plans for facilities expansion and upgrades are provided next. 
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